Frog skin has long been regarded as an excellent material for the study of active transport of Na because of the easiness of flux measurements and electrical studies (UssING,1949) .The effects of various metal ions,such as Ca (CURRAN and GILL,1962) , Cu(ZADUNAISKY et al.,1963; FERREIRA,1970) ,La (MARTINEZ-PALOMO et al.,1971) and Cd (STYMANS and BORGHGRAEF,1969; HILLYARD and GONICK, 1976) ,have been studied in the frog skin to elucidate the mechanism of the active transport on Na.We are especially interested in the effect of Cd, because it has been known to be antagonistic to calcium which plays some important roles in regulation of normal physiological functions in various preparations such as contraction of cardiac muscle and neurotransmitter release from autonomic nerve endings (HAYASHI and HORIUCHI,1971; HAYASHI and TAKAYAMA, 1977) .The active transport by frog skin was decreased by Ca (CURRAN and GILL,1962) ,therefore,we examined Cd effects on the frog skin in order to find out whether Cd might exert an effect opposite to Ca,i.e.,does it increase the Na active transport or not.
The effects of Cd on the frog skin have been tested by other investigators (STYMANS and BORGHGRAEF,1969; HILLYARD and GONICK,1976) ;however,their results do not seem to be consistent with respect to Cd-induced changes in the short circuit current(SCC)and the skin resistance(RM).We examined Cd effects under simplified conditions,namely,all Cl ions in Ringer's solution were replaced by more impermeable anions,SO4 and gluconate,so that we could exclude the probable effects on passive and the possible active transport of anions.
Preliminary accounts of this work were given elsewhere (HAYASHI et al.,1974) .
MATERIALS AND METHODS
The abdominal skin of a bullfrog(Rana catesbeiana)of both sexes were used between December 1973 and May 1974.The experimental animals,which were captured around the Chiba district,were supplied by the"Supply Center of Biological Materials in Japan."The frogs were kept at room temperature in a bath for a week or two without feeding. The water level was adjusted to just above the abdomen of the animals. Diagram of an apparatus(type A)for measuring the potential difference and the short circuit current of abdominal frog skin.The preparation was mounted on a tip of a vertical glass cannula.I:microammeter,V.millivoltmeter. Diagram of an apparatus(type B)for determining Na flux under the short circuited condition in frog skin.The preparation was mounted between Ussing-type lucite chambers.ground potential. 
RESULTS

Effects of Cd concentration
Effects of Cd at various concentrations on the potential difference(PD)of abdominal frog skin was preliminary examined in Cl-Ringer's solution by using the A-type apparatus.A small amount of concentrated Cd solution was applied to both sides of the skin.The change in osmolarity due to the addition of Cd was less than 1 percent. The higher the concentration of Cd,the larger the increase in the PD in the range from 2mM to 0.1mM Cd.An example of effects of Cd at two concentrations is represented in Fig.3 .
Change in PD was not remarkable in most cases when Cd was applied in Cl-Ringer's solution. In order to exclude the effect on passive and probable active transport of Cl in frog skin,we replaced Cl with more impermeable SO4 in Ringer's solution in the following experiments.
Effect of epidermal and dermal Cd
The difference between effects of epidermal(outside)and dermal(inside) application of Cd was examined in SO4-Ringer's solution. The solutions of both sides were renewed about one hour after the setup of the skin preparation.The Effects of concentration of Cd on the potential difference(PD)of frog skin, Two mM Cd was applied to both sides of the preparation.
skin under the open-circuited conditions was allowed to equilibrate for at least two hours before application of Cd.Both short circuit current(SCC)and PD of the skin were intermittently recorded.The concentration of Cd was fixed at 2mM which exerted the maximum effect on the PD. Figure  4 represents a typical example of the effect of Cd given to either dermal or epidermal solution(A-type Effects of epidermal(outside)and dermal(inside)2mM Cd on the short circuit current(SCC)and the potential difference(PD)of frog skin. experiment).Both SCC and PD were remarkably increased immediately after the application of Cd to the outside;SCC was increased to 136 and 135 percent of the control,and PD was also increased to 115 and 117 percent of the control in this particular case.On the contrary,application to the inside brought about no remarkable changes in SCC and PD(less than 2 percent in this case) .
Classification of Cd effects
In most preparations,both SCC and PD were increased throughout the period of Cd application.However,more complicated time courses of changes in SCC and PD were sometimes observed. Figure  5 illustrates an example which shows We classified the responses of SCC and PD to Cd into three types:(I)a simple increase in SCC and/or PD during the presence of Cd,(II)a decrease followed by an increase in SCC and/or PD except initial short period of small increase,and(III)a decrease in SCC and/or PD except initial short period of small increase.
Cd effect on Na flux
In order to elucidate mechanisms underlying above stated complicated responses of frog skins,Na flux was measured in following conditions;the concentration of Cd:2mM,side of application of Cd:epidermal side(outside),solu- The data in the upper,middle,and lower sections of Table 1 were obtained from the experiments in Fig.6A ,B,and C,respectively.All the data in Table 1 Three typical examples of the effects of Cd on the short circuit current(SCC),the potential difference(PD),and the skin resistance(RM).Na fluxes were determined every 15min in these preparations.A:(Type I)increase in SCC during the application of Cd(1hr).B:(Type II)decrease in SCC at the early stage(30min after Cd application) followed by increase at the later stage(1hr).C:(Type III)decrease in SCC(1hr).
expressed as the means of the respective data throughout the period mentioned in parentheses at the item of experimental conditions. A.Analysis of Type I response.In the experiment of Fig.6A (a typical example of Type I group),SCC was greatly increased immediately after Cd application,and reached maximum after about 20min.Cd also induced a slight increase in PD which attained maximum about 20min after Cd application.On the contrary,RH was remarkably decreased during Cd application. Figure  6B shows a typical example of Type II response in regard to the time course of SCC.Cd brought about a small initial increase in SCC(112% of the control)for a short period of 10min,which was followed by a decrease at a relatively early stage(the minimum value,83%, was attained at 30min)and the second increase appeared in a later stage(90min for the maximum value,139%).
Cd induced a small initial increase in PD(110% of the control)which was followed by a remarkable decrease(30min for the minimum value,21%)and a slight slow recovery(80min for the maximum value,65%).
The remarkable decrease in RM in the early stage(30min for the minimum value,22%)and the slight recovery(80min for the maximum value,42%)in the later stage were observed during Cd application.
The Cd-induced initial changes in the characteristics of the skin could not be analyzed by determining Na flux,because these initial changes disappeared within 10min though new equilibrium of Na in the skin took at least 15min after the application of Cd.
The Cd-induced decrease in SCC in the early stage can be explained by the difference in the extents of decreases in both ENa(22.0%)and RNa(24.2%).
The experimental and calculated ratios of PDcd to PDcontrol in the early stage were in good agreement with each other:22.6%and 22.5%,respectively.
As R5 was always much larger than RNa,RM was mainly determined by RNa. Therefore,the remarkable decrease in RM in the early stage is due to the remarkable decrease in RNa. 
5.Analyses of SCC and PD in terms of ENa and RN a
The results of 28 cases of Na flux determination are summarized in Figs.7 and 8.Among the total experiments,17 cases(61%)belong to Type I(an increase in SCC during Cd application),2 cases(7%)to Type II(an early decrease followed by a later increase in SCC),and 9 cases(32%)to Type III(a decrease in SCC during Cd application).All data in these figures are standardized by control data(datumcd/datumcontrol). Figure 7A shows the relationship between RNa and SCC.The dots in the quadrant IV belong to Type I.There is a rough linear relationship between them;the larger the SCC,the smaller the RNa.The arrows indicate the transition from the state of the early stage to that of the later stage during Cd application.
The dots in the quadrants II and III belong to Type III.The Cd induced SCC decrease was accompanied with RNa decrease in the most cases of Type III group.SCC is roughly proportional to RNa,. There are two dots which translocate from the quadrant III to the quadrant IV as indicated by arrows.These cases belong to Type II group. Figure 7B represents the relation between ENa and SCC.No appreciable change in ENa is observed despite significant increases in SCC in the most cases of Type I group.There is a rough linear relationship between ENa and SCC in the most cases of Type III group.
The relations of RNa and ENa with respect to PD are illustrated in Fig.8A and B,respectively.No appreciable correlation between RNa and PD is observed; however,clear correlation is demonstrated between ENa and PD. Ringer's solution instead of Cl-Ringer's solution were as follows;1)Our preliminary experiments on Cd effects on the frog skin during one year revealed that change in SCC and/or PD was not remarkable in most cases of CI-Ringer's solution.This finding seemed to be in accord with those of other investigators'.
2) The Cl transport might not be passive only;there is a high possibility of the active Cl transport (ZADUNAISKY et al.,1963; USSING and ZERAHN,1951; MARTIN and CURRAN,1966) ;therefore,we used less a permeable anion,SO4, (KOEFOED-JOHNSEN and USSING,1958; HAGIWARA et al.,1971 )instead of Cl in Ringer's solution.
No consistent results were obtained for the direction of Cd-induced change in SCC by other investigators;in other words,both increase and decrease in SCC were reported by them.We have classified the time courses of SCC after Cd application into three types.As previously described,in approximately twothirds of cases(Type I),SCC was sustained at an increased level,while in the rest of cases(Types II and III),SCC changed in a triphasic manner(an initial increase,a successive decrease in the early stage and an increase in the later stage). The above stated classification suggests that the time course of Cd-induced change in SCC was composed of at least three exponential curves whose time constants and latencies after application of Cd were different from each other.The first positive component increases immediately after the application of Cd,and reaches maximum within about 5 min.The second negative component begins to decrease about 5-10min after Cd,and reaches minimum within 20-30min.The third positive component starts to increase 20-30min after Cd,and attains maximum within about 1 hr.
The three different"phenotypes"(Types I,II,and III)in regard to time course of SCC,therefore,seem to be consistently explained by a sequence of three components or processes.The appearance of each phenotype depends on the predominance of one of three processes over the others.Thus,if the first process prevails against the others throughout,Type I will appear.The early stages of Type II and III(the decrease in SCC)are due to the predominance of the second process over the first one.The large predominance of the third process will explain the later stage of Type II(the increase in SCC).
The possible mechanisms of these three processes will be tentatively assumed. The first process is due to decrease in the membrane resistance of the outer barrier within epidermis.This assumption is supported by the following experimental facts:1)a decrease in calculated R,a,2)a decrease in total skin resistance, 3) a decrease in skin resistance of epidermal side(cf.our next paper),and 4)ineffectiveness of dermally applied Cd.
The second process is supposed to be an inhibitory effect of Cd which invades the epidermis and lowers the activity of Na,K-ATPase.This assumption is supported by the experimental facts:1)a decrease in calculated ENa,2)histochemical verification of Cd in epidermis(no Cd existence in epidermis when Cd was applied dermally)(unpublished observation),and 3)a decrease in Na,K-ATPase activity over 10-6M Cd(unpublished data).
The third process is phenomenologically due to the increase in ENa,or the recovery in the later stage preceded by ENa.decrease in the early stage.However, the underlying mechanism is still unclear.A few assumptions may be considered as the responsible factors as 1)an increase in Na concentration in the epidermal cells,2)disinhibition of Na,K-ATPase which is once inhibited by Cd, and 3)changes in the morphological or functional bindings between epidermal cells,etc.
Cd increases the total skin resistance(RM)in Cl-Ringer's solution (BANKS, 1974; BORGHGRAEF et al.,1971) ,whereas,RM is clearly decreased by Cd in SO4-Ringer's solution in our present study.This result agrees with that of Banks. As Cl is considered to be a main ionic species for passive transport in Cl-Ringer's solution on frog skin,Cd is supposed to narrow the passive channel of the skin. This assumption is strongly supported by our observation that RE(the resistance to the passive ions)was increased several times by Cd in some cases(cf. Table 1 ). The electronmicroscopic study on whether intercellular space in the epidermis would actually be reduced will be reported elsewhere.The Cd-induced decrease in RM in spite of an increase in RE in 504-Ringer's solution is thus explained by the remarkable decrease in RNa which is brought about as a result of the decrease in the resistance of epidermal cells.
We have succeeded in demonstrating the clear difference between the effects of epidermal and dermal Cd.As shown in Fig.4 ,dermal application of Cd at the same concentration as that applied to the epidermal side and at the same period does not affect SCC at all.This difference might be explained by the histochemical observation that dermally applied Cd does not reach the epidermis (unpublished observation).The Cd blockade in dermis might be due to the capture of Cd by the large amount of Ca in dermis(especially in the sieve layer) (TAYLOR et al.,1966; .
Ca has been known as a competitive antagonist with Cd in the contractility of the cardiac muscle (HAYASHI and HoRIUCHI,1971) .Ca has been also shown to counteract with Cd in the acetylcholine releasing mechanism from the peripheral end of vagal nerve (HAYASHI and TAKAYAMA,1977) .In the present study with frog skin,we observed approximately 35%increase in SCC,10%decrease in RM in Ca-free EDTA Ringer's solution,while application of 2mm Ca brought about 20%decrease in SCC.These results closely resemble those of HILLYARD and GONICK(1976) and CURRAN and GILL(1962) .From the above results,however,we could not conclude at the present moment that Cd and Ca counteract with each other though these two ionic species have an opposite effects on SCC and RM.
The effects of Cd on the frog skin are interesting not only from the standpoint of general physiology,but also from that of pathophysiology.Some type of renal hypertension has been caused by Cd as the result of increased active Na transport (VANDER,1962; SCHROEDER,1964 ).
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